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Abstract 
7KH *$1,/ IDFLOLW\ *UDQG $FFpOpUDWHXU 1DWLRQDO
G¶,RQV/RXUGVDW&DHQSURGXFHVDQGDFFHOHUDWHVVWDEOHLRQ
EHDPV VLQFH  IRU QXFOHDU SK\VLFV DWRPLF SK\VLFV
UDGLRELRORJ\DQGPDWHULDOLUUDGLDWLRQ7KHUDQJHRIVWDEOH
EHDPLQWHQVLW\DYDLODEOHDW*$1,/H[WHQGVIURPYHU\ORZ
LQWHQVLW\SSVWRKLJKEHDPLQWHQVLW\aSSV
7KH UHYLHZ RI WKH RSHUDWLRQ IURP  WR  LV
SUHVHQWHG2QHRIWKHPHWKRGVWRSURGXFHH[RWLFEHDPDW
*$1,/ LV WKH ,VRWRSH 6HSDUDWLRQ2Q/LQHPHWKRGZLWK
63,5$/IDFLOLW\,WLVUXQQLQJVLQFHSURGXFLQJDQG
SRVWDFFHOHUDWLQJ UDGLRDFWLYH LRQ EHDPV PDLQO\ IURP
JDVHRXVHOHPHQWV'XHWRWKHSK\VLFLVWVGHPDQGVIRUQHZ
UDGLRDFWLYH QXFOHL WKH IDFLOLW\ LV EHLQJ LPSURYHG LQ WKH
IUDPHZRUNRI WKHSURMHFW8SJUDGH63,5$/7KHJRDO
RI WKH SURMHFW LV WR H[WHQG WKH PDVV UDQJH RI SRVW
DFFHOHUDWHG DV ZHOO DV ORZ HQHUJ\ H[RWLF EHDPV XVLQJ
GHYRWHG 7DUJHW ,RQ 6RXUFH 6\VWHP DVVRFLDWHGZLWK D
FKDUJHEUHHGHU7KHODWHVWUHVXOWVRIWKHFKDUJHEUHHGHUWHVWV
DQGWKHVWDWXVRIWKHXSJUDGHZLOOEHSUHVHQWHG
)LJXUH*$1,/OD\RXW
23(5$7,215(9,(:
0XOWLEHDPGHOLYHU\LVURXWLQHO\GRQHDW*$1,/XVLQJ
LWVH[LVWLQJF\FORWURQV8SWRILYHH[SHULPHQWVFDQEHUXQ
VLPXOWDQHRXVO\LQGLIIHUHQWURRPVZLWKVWDEOHEHDPV)LJ

%HDPV IURP & RU & DUH VHQW WR DQ LUUDGLDWLRQ
EHDPOLQH,5568'0H9X
$ FKDUJH VWDWH RI WKH LRQ GLVWULEXWLRQ DIWHU WKH LRQ
VWULSSLQJ IRLO GRZQVWUHDP &66 LV VHQW WR DWRPLF
SK\VLFVELRORJ\DQGVROLGVWDWHVSK\VLFVOLQH'
0H9X
$ KLJKHQHUJ\ EHDP RXW RI &66 LV WUDQVSRUWHG WR
H[SHULPHQWDODUHDV0H9XIRUQXFOHDUSK\VLFV
DQGSUHYLRXVDSSOLFDWLRQV
$Q DX[LOLDU\ H[SHULPHQWV PD\ VKDUH WKH SUHYLRXV
&66EHDPRIWKHSLORWH[SHULPHQWWLPH
)LQDOO\ VWDEOHEHDPV IURP63,5$/VRXUFH FDQEH
VHQW WR /,5$7  NH9T RU SRVWDFFHOHUDWHG E\
&,0(DQGXVHGIRUWHVWLQJGHWHFWRUIRUH[DPSOH
'XULQJUDGLRDFWLYHEHDPSURGXFWLRQZLWK63,5$/WKH
FRPELQDWLRQVDUHUHGXFHGWRWKHIRXUILUVWFDVHV
DQGUDGLRDFWLYHEHDPLVVHQWWRWKHH[SHULPHQWDODUHDV
*$1,/23(5$7,2167$786
6LQFH)LJPRUHWKDQKRXUVRIEHDPWLPH
KDV EHHQ GHOLYHUHG E\ *$1,/ WR SK\VLFV ZKLFK
FRUUHVSRQGWRRIVFKHGXOHGH[SHULPHQWV
)LJXUH%HDPWLPHDYDLODEOHIRUSK\VLFVRYHU\HDUV
,QDYHUDJHWKHQXPEHURIEHDPVGHOLYHUHGSHU\HDUKDV
LQFUHDVHG XQWLO  2ZLQJ WR WKH FRQVWUXFWLRQ DQG
DVVHPEO\ RI WKH QHZ 63,5$/ DFFHOHUDWRU WKH UXQQLQJ
WLPHKDVEHHQVKULQNHGWRGHYRWHPRUHKXPDQUHVVRXUFHV
WR WKHSURMHFW LQSDUWLFXOLHU LQDQGZLWKRQO\
 KRXUV RI UXQQLQJ WLPH LQVWHDG RI  KRXUV SHU
\HDUV
)LJXUHVKRZVWKHVWDWLVWLFUXQQLQJRIWKHPDFKLQHRYHU
\HDUV$VZHFDQVHHRIEHDPWLPHLVGHGLFDWHGWR
3K\VLFVDQGIRUPDFKLQHWXQLQJ
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Room Temperature and Superconducting Cyclotrons
)LJXUH6WDWLVWLF UXQQLQJRI WKHPDFKLQHEHWZHHQ
DQG
63,5$/83*5$'(
7KHILUVW,VRWRSH6HSDUDWRU2Q/LQH6\VWHPLQVWDOOHGDW
*$1,/QDPHG63,5$/KDVGHOLYHUHGUDGLRDFWLYHLRQV
IRU\HDUV5DGLRDFWLYHDWRPVSURGXFHGE\IUDJPHQWDWLRQ
RIVZLIWKHDY\LRQVXSWR0H9XRQDFDUERQWDUJHWDUH
LRQL]HGLQDQ(&5PXOWLFKDUJHGLRQVRXUFHEHIRUHEHLQJ
SRVWDFFHOHUDWHG LQD F\FORWURQ'XH WR WKHGHVLJQRI WKH
WDUJHWLRQVRXUFHV\VWHP7,66PDLQO\JDVHRXVLRQVDUH
SURGXFHG7RVDWLVI\WKHUHTXHVWRISK\VLFVFRPPXQLW\IRU
H[WHQGLQJ WKH FKRLFH RI LRQV WR WKRVH PDGH IURP
FRQGHQVDEOHHOHPHQWVZLWKPDVVHVXSWR;HDQXSJUDGH
RI63,5$/KDVEHHQXQGHUWDNHQ>@%HDPVDQGWHFKQLFDO
RSWLRQVFRQVLGHUHGGXULQJWKHSURVSHFWLYHSKDVHKDYHEHHQ
VRUWHG RXW $ VFKHPDWLF RI WKH RQJRLQJ XSJUDGH LV
SUHVHQWHGLQ)LJ6XUIDFHLRQL]DWLRQ)(%,$')RUFHG
(OHFWURQ%HDP,QGXFHG$UF'LVFKDUJHRU(&5(OHFWURQ
&\FORWURQ5HVRQDQFHLRQVRXUFHV>@ZLOOEHLQVWDOOHG
LQWKHSURGXFWLRQFDYHDIWHULWVPRGLILFDWLRQWRSURYLGH
EHDPRIFRQGHQVDEOHHOHPHQWV2XWRIWKHFDYHDQGDIWHU
PDVVVHSDUDWLRQD3KRHQL[FKDUJHEUHHGHUZLOOEHLQVWDOOHG
RQWKHSUHVHQWORZHQHUJ\EHDPOLQHWRLQFUHDVHWKHFKDUJH
RIWKHUDGLRDFWLYHLRQVIURPWR1IRUSRVWDFFHOHUDWLRQ
WRJHWHQHUJ\XSWR0H9$XVLQJ&,0(DFFHOHUDWRU>@
)LJXUH6FKHPDWLFRIWKH63,5$/XSJUDGH
1(:%($069(56861(:7,66
1HZHOHPHQWVZLOOEHPDLQO\SURGXFHGE\IUDJPHQWDWLRQ
RIWKHSULPDU\EHDPLRQVRQDJUDSKLWHWDUJHW7KXVPRVW
RI WKHPDVVHV DQG DWRPLF QXPEHUVZLOO JHQHUDOO\QRW EH
KLJKHU WKDQ WKRVH RI WKH SULPDU\ EHDPV DYDLODEOH DW
*$1,/7KH HOHPHQWV WREHSURGXFHG FDQEHGLYLGHG LQ
WKUHHJURXSV
$ONDOLHOHPHQWVDQGDONDOLQHHDUWKHOHPHQWV/L0J1D
$O&D.5EDQG6U7KHHOHPHQWVFRXOGEHLRQL]HGLQDQ
H[LVWLQJ 7,66 DOUHDG\ WHVWHG DQG RSWLPL]HG RQ OLQH DW
*$1,/RQDWHVWEHQFK
0HWDOOLFLRQV6F&U0Q&R1L&X=Q*D*H$V
DQG6H7KH\ZLOOEHSURGXFHGE\DVVRFLDWLRQRIDFDUERQ
WDUJHWZLWKD)(%,$'RI9$',69HUVDWLOH$UF'LVFKDUJH
,RQ 6RXUFH W\SH GHYHORSHG DW &(51 )LJ  7KLV
DVVRFLDWLRQLQGLFDWHVJRRGSHUIRUPDQFHVIRUWKH7,66DQG
\LHOGVKDYHEHHQPHDVXUHG IDYRUDEO\ IRU0J$O&O.
0Q&XDQGHYHQ)HLRQV>@
)LJXUH  7,66PDGH E\ DVVRFLDWLRQ RI D JUDSKLWH WDUJHW
ZLWKD9$',6)(%,$'LRQVRXUFH
1RQPHWDOOLFLRQVKDORJHQDQGUDUHJDVLRQV+H1H
$U.U2&3&ODQG%U0XOWLFKDUJHGLRQVIURPUDUH
JDVHV&DQG2DUHFXUUHQWO\SURGXFHGXVLQJWKH(&5LRQ
VRXUFH RI 63,5$/ XSJUDGHG WR HQKDQFH WKH LRQL]DWLRQ
HIILFLHQFLHV
%HFDXVHRIWKHOHQJWKRIWKHVLQJO\FKDUJHGLRQVRXUFHV
LVVKRUWHUWKDQWKHSUHVHQW1$12*$1,,,(&5,6DORQJWKH
ORZHQHUJ\EHDPOLQHD[LVDFKDPEHUFRQWDLQLQJRSWLFDO
HOHPHQWV ZLOO EH LQVWDOOHG WR WUDQVSRUW DQG DGDSW WKH 
EHDPWRFKDUJHEUHHGHU
&+$5*(%5(('(502',),&$7,21
)LJXUHVKRZVWKHFRQQHFWLRQRIWKHFKDUJHEUHHGHULQ
WKHEHDPOLQH*HQHUDOO\DGRXEOH(LQ]HOOHQV LVXVHGWR
IRFXVWKHEHDPLQWRDFKDUJHEUHHGHULQRUGHUWRJLYH
PRUHIOH[LELOLW\RQWKHRSWLFDOWXQLQJLWKDVEHHQUHSODFHG
E\DQHOHFWURVWDWLFTXDGUXSROHWULSOHW$PRYDEOHSXOOHUDQG
(LQ]HOOHQVDUHPRXQWHGLQWKHH[WUDFWLRQER[WKHSXOOHULV
PDGHRIVWDLQOHVVVWHHO7KHFKDUJHEUHHGHULVEDVHGRQWKH
3KRHQL[%RRVWHUGHYHORSHGDW/36&*UHQREOHDQGXVHGDW
,62/'( WRGHWHUPLQH LWVFKDUDFWHULVWLFVZLWK UDGLRDFWLYH
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LRQV >@ 7KHPDMRU IHDWXUHV KDYH EHHQ GHVFULEHG LQ WKH
UHIHUHQFH>@
(;3(5,0(17$/5(68/76
7KH IROORZLQJ SURFHGXUH ZDV GRQH EHIRUH HDFK
RSWLPL]DWLRQ±PHDVXUHPHQWRIFKDUJHEUHHGLQJHIILFLHQF\
RUWLPH&KDUJHEUHHGHU2))5)2))WKHLQFRPLQJ
LVPD[LPL]HGRQWKHIDUDGD\FXSORFDWHG)&EHIRUHWKH
TXDGUXSROH WULSOHWDQGRQ WKH IDUDGD\FXS)&QSODFHG
GRZQVWUHDPWKHFKDUJHEUHHGHUDIWHUWKHPDVVRYHUFKDUJH
VHSDUDWLRQSURYLGHGE\DGLSROH7KHUHDIWHU FKDUJH
EUHHGHU215)21WKHFKDUJHEUHHGHULVWXQHGVRDVWR
JHWWKHKLJKHVW=!SRVVLEOHIRUWKHEXIIHUJD]FKDUJHVWDWH
GLVWULEXWLRQ &6' 7KH FKDUJH EUHHGLQJ HIILFLHQF\ DQG
WLPHDUHPHDVXUHGE\SXOVLQJWKHLQFRPLQJEHDPXVLQJ
DQGHOHFWURVWDWLFVWHHUHUDQGPHDVXULQJWKHQUHVSRQVHRQ
)&Q7KHQVLJQDOLVPD[LPL]HGWKDQNVWRDOODYDLODEOH
SDUDPHWHUV RI WKH FKDUJH EUHHGHU 5) SRZHU PDJQHWLF
ILHOG EXIIHU JDV DV WKRVH RI WKH EHDP OLQH YROWDJHV RQ
(LQ]HOOHQVHVYROWDJHVRQWKHTXDGUXSROHWULSOHWHOHFWURGHV
SRVLWLRQ RI GHFHOHUDWLRQ JURXQGHG WXEH HWF« 7KH
DFFHOHUDWLRQYROWDJHRIWKHLRQEHDPZDVVHWDWN9
WKHFKDUJHEUHHGHUYROWDJHEHLQJDFFXUDWHO\WXQDEOHDURXQG
WKLVYDOXHN9'97KH5)SRZHUZDVDOZD\VDURXQG
:DQGWKHWRWDOFXUUHQWIURPKLJKYROWDJHVXSSO\
ZDVLQWKHUDQJH±P$
7KH FKDUJHEUHHGHUKDG WREH WHVWHGZLWK FRQGHQVDEOH
HOHPHQWV DONDOL HOHPHQWVZKLFKDUHHDV\ WR LRQL]HXVLQJ
SHOOHWVIURPWKH+HDW:DYH/DEV>@KDYHEHHQFKRVHQIRU
WKLVSXUSRVH1D.DQG5EEHDPVZHUHVXFFHVVLYHO\
SURGXFHG DQG LQMHFWHG LQWR WKH FKDUJH EUHHGHU W\SLFDO
LQWHQVLWLHVZHUHLQWKHUDQJHIURPWRQ$&KDUJH
VWDWH GLVWULEXWLRQV REWDLQHG E\ WKH EUHHGLQJ SURFHVV LQ
GLIIHUHQWVLWXDWLRQVDUHSUHVHQWHGLQWKHFLJXUH
)LJXUH&KDUJHVWDWHGLVWULEXWLRQVRIDONDOLHOHPHQWVZLWK
+HRU+DVEXIIHUJDV
)RFXVHGRQWKH .FDVHWKHFLJXUHGLVSOD\V DJUDSKRQ
WKHHYROXWLRQRIWKH.&6'ZLWKWKHEXIIHUJDV/LJKWHU
LVWKHEXIIHUJDVKLJKHULVWKHFKDUJHEUHHGLQJHIILFLHQF\
RI WKH . DQGQDUURZHU LV WKH&6' ,W LV DQ LPSRUWDQW 
SDUDPHWHU IRU WKH IXWXUH DFFHOHUDWHG EHDPV DIWHU &,0(
,QFUHDVLQJWKHFKDUJH4RIWKHLRQSURSRUWLRQDOO\LQFUHDVHV
WKHILQDOHQHUJ\,QWKHFDVHRID.EHDPWKHEXIIHUJDV
VKRXOGEH+HFRQWUDU\WR.ZKHUHLWVKRXOGEH+7KH
HIIHFWVRIWKH'9YDOXHDQGRIWKHEXIIHUJDVRQWKHFKDUJH
EUHHGLQJSURFHVVDUHGHVFULEHGLQPXFKPRUHGHWDLOVLQ>@
)LJXUH(YROXWLRQRIWKH.QFKDUJHVWDWHGLVWULEXWLRQV
YHUVXVEXIIHUJDV
5()(5(1&(6
>@ 3-DUGLQHWDO5HY6FL,QVWUXP$
>@ 66XQGHOOHWDO1XFO,QVWUXP0HWKRG%

>@ 5 9RQGUDVHN HW DO 5HY 6FL ,QVWUXP 
$
>@ &7DPEXUHOOD7KHVLV,61*UHQREOH
>@ 2%DMHDW HW DO1XFO ,QVWU DQG0HWK LQ3K\V5HV

>@ 3'HODKD\H HW DO5HYLHZRI6FLHQWLILF ,QVWUXPHQWV
%
>@ 3'HODKD\HHWDO1XFOHDU,QVWUXPHQWVDQG0HWKRGV
LQ3K\VLFV5HVHDUFK$
>@ 7/DP\HWDO3URFHHGLQJVRI WKHVW,QWHUQDWLRQDO
:RUNVKRS RQ (&5 ,RQ 6RXUFHV 1L]KQ\1RYJRURG
5XVVLDWKWK$XJXVW
>@ /0DXQRXU\HWDO VXEPLWWHG WR5HYVFL ,QVWU)RU
SXEOLFDWLRQ LQ WKH SURFHHGLQJV RI WKH WK
,QWHUQDWLRQDO&RQIHUHQFHRQ,RQ6RXUFHV1HZ<RUN
$XJXVW
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